Hydraulic systems have high-power density because its oil transmitting power has high rigidity. However, when air bubbles are mixed into oil, they reduce oil stiffness and decrease system efficiency. This study mitigates this problem by removing air bubbles from the oil using an active bubble elimination device that uses a swirl flow to eliminate air bubbles from a hydraulic fluid. We focus on the relationship between the change in the bulk modulus and elimination of air bubbles from the hydraulic fluid and experimentally measure the bulk modulus of the hydraulic oil with and without air bubbles. Moreover, to clarify the relationship between the amount of air bubbles and the effective bulk modulus of oil, we propose a mathematical model of the bulk modulus of oil containing air bubbles. The experimental results indicate that the effective bulk modulus of oil increases by eliminating the air bubbles in oil, and the curve of the bulk modulus with the bubble eliminator turned off has a small hysteresis depending on whether it is pressurized or depressurized. We investigate the calculation method of the effective bulk modulus by considering the amount of air bubbles and the amount of air being dissolved and released. Finally, we confirm that the effective bulk modulus calculated using the mathematical model agrees well with the experimental results. We conclude that the volume of air contained in the oil and the differences due to the process of dissolving and releasing air significantly influence the bulk modulus of the hydraulic fluid.
Introduction
In hydraulic systems, air bubbles are typically mixed into the oil during system operation because of excitation of the oil reservoir, the occurrence of cavitation, and other factors. In recent years especially, the operating conditions of hydraulic systems have become more severe because of the demands for further downsizing and increased output power; thus, air bubbles are easily mixed into the oil. These air bubbles reduce the effective bulk modulus of oil. Bulk modulus is a property that indicates the compressibility of a hydraulic fluid. Fluid compressibility strongly influences the efficiency of a high-speed switching hydraulic circuit (Van de Ven, 2013) and the dynamic behavior of a hydraulic positive displacement machine (Casoli et al., 2006) . Therefore, air bubbles in hydraulic fluids must be eliminated to realize more compact and efficient hydraulic systems. Our project team developed an active bubble removal device called a "bubble eliminator" (Suzuki and Tanaka, 2005) and applied it to construction machinery to design highly efficient systems and increase the lifetime of the working hydraulic fluid. Previously, we had both experimentally and numerically verified that the bubble eliminator efficiently removes air bubbles from the working hydraulic fluid , the restraint of temperature increases in fluids can effectively reduce their lifetime, oil oxidation can be prevented (Tanaka et al., 2012) , and cavitation occurrence is restrained under high-pressure conditions (Goto et al., 2013) . However, the restraining effect of the bubble eliminator for the decline of the effective bulk modulus of hydraulic oil has not been sufficiently verified. In the present study, using the bubble eliminator, we experimentally measure and evaluate the effective bulk modulus of oil with and without air bubbles. Moreover, to estimate the effective bulk modulus of oil containing air bubbles, we propose a mathematical model of the effective bulk modulus of oil and evaluate the experimental and theoretical effective bulk modulus of oil containing air bubbles. time required for all the bubbles to dissolve into oil
Nomenclature

Experimental Setup for Measuring the Bulk Modulus 3.1 Bubble Eliminator
The design and operating principle of the bubble eliminator are shown in Fig. 1 . The tapered tube device is designed so that a chamber with a circular cross section gradually becomes smaller and connects to a cylindrical chamber. Working oils with air bubbles tangentially flow into the tapered tube from the inlet ports and form a swirl flow that circulates the fluid through the flow passage. The swirl flow accelerates downstream. Air bubbles are trapped in the vicinity of the central axis owing to the difference between the specific gravity of oil and air; they are collected near the vent port where the pressure is the least. When some back pressure is applied by a check valve or an opening located on the downstream side of the bubble eliminator, the air bubbles are pushed out through the vent port. The dissolved gas in the fluid is also eliminated via the bubbles extracted on the pump suction side under a negative pressure.
Experimental Setup and Procedure for Measuring Bulk Modulus
The bulk modulus, indicating the compressibility of a hydraulic fluid, has two definitions: secant bulk modulus K and tangent bulk modulus K (Kazama and Totten, 2012) . They are expressed as Sakama, Tanaka and Goto, Mechanical Engineering Journal, Vol.2, No.6 (2015) © 2015 The Japan Society of Mechanical Engineers [DOI: 10.1299/mej.15-00347] dV dp
where V 0 is the initial fluid volume, V is the fluid volume at operating pressure, p is the fluid pressure, V is the fluid volume change, and p is the pressure change. In this study, the bulk modulus was experimentally calculated by measuring the pressure and volume change of the oil in a chamber when the oil was pressurized by a piston. The experimental setup for the measurement of bulk modulus is shown in Fig. 2 . The experimental setup consisted of a hydraulic-fluid-filling circuit, pressure vessel, hydraulic servo cylinder, and bubble elimination circuit. We observed the fluid conditions in a transparent reservoir of the oil-filling and bubble elimination circuits. The open end of the pressure vessel was connected to a tip of the hydraulic servo cylinder. The hydraulic fluid in the pressure vessel was pressurized and depressurized by the cylinder. The pressure vessel was covered with heat-insulating materials.
ISO VG32 hydraulic oil was used as the test liquid. Air bubbles were intentionally infused into the hydraulic fluid at the suction line of the pump of the oil-filling circuit. The amount of air infused into the hydraulic fluid was adjusted via a restrictor and measured using a volumetric flow sensor. The hydraulic oils with and without air bubbles were circulated through the pressure vessel and returned to the reservoir. The bubble elimination circuit was separately placed at the reservoir. The bubble eliminator was installed in the bubble elimination circuit, and the air bubbles were effectively separated and eliminated from the hydraulic oil in the reservoir. When the air blower was turned off and the bubble eliminator was run for approximately 10 min, the air bubbles in the hydraulic fluid were sufficiently separated and eliminated, and the hydraulic fluid in the reservoir changed into transparent oil. Figure 3 shows the typical results of the experiments to eliminate air bubbles from the reservoir oil. When the hydraulic oil was not circulated through the bubble elimination circuit, the amount of air bubbles in the reservoir did not substantially decrease. In contrast, when the oil was circulated through the bubble elimination circuit, the air bubbles of oil in the reservoir decreased substantially within a short time. Consequently, we confirmed that the bubble eliminator can efficiently and effectively remove air bubbles from the oil in the reservoir.
The hydraulic fluid in the pressure vessel was pressurized and depressurized by the hydraulic servo cylinder. The hydraulic servo cylinder was driven by a high-speed, direct-drive servo valve. The displacement of the cylinder was measured using a position sensor and fed back to a personal computer (PC) through a digital controller. The pressure in the pressure vessel was measured using a pressure transducer and the results were stored in the PC. The sampling frequency of displacement and pressure was 1 kHz. The tip-end of the servo cylinder rod was inserted into the pressure vessel, and the sampled hydraulic fluid was pressurized and depressurized. As a result, the volume of the confined fluid slightly and quickly decreased and increased. The seal between the rod and pressure vessel was a special labyrinth seal through which fluid leakage and friction loss are negligible. The initial volume of the pressure vessel at atmospheric pressure, including the dead volume of connecting joints, was 1132 cm 3 . The temperature of the hydraulic fluid was To investigate the influence of entrained air on the bulk modulus of the hydraulic fluid and the effectiveness of the bubble eliminator, we measured the pressure and volume change of the sampled hydraulic fluid. In the experimental procedure, after the hydraulic fluid in the reservoir adequately circulated in the oil-filling circuit at a flow rate of 6 L/min, shutoff valves A and B were closed, and the hydraulic fluid was sampled, confined, and stored in the pressure vessel. The sampled hydraulic fluid was immediately pressurized and depressurized by the hydraulic servo cylinder.
Sampling of hydraulic fluid conditions was conducted in two phases, with the bubble eliminator turned on and off. When the bubble eliminator was turned on, the bubble elimination circuit was active, and the air bubbles in the hydraulic fluid were effectively eliminated. When the bubble eliminator was turned off, the bubble elimination circuit was inactive, and the air bubbles were intentionally infused into the hydraulic fluid at a volumetric flow rate of 120 mL/min for 5 min. 
Experimental Results
Step Response of Volume and Pressure
The changes in volume and pressure of the sampled hydraulic fluid as functions of time for both conditions (with and without air bubbles) are shown in Fig. 4 when a step command of the displacement was applied to the servo cylinder. The volume change was calculated from the displacement of the piston cylinder and shown as the relative value against the initial volume of the pressure vessel. The relative volume change was as small as 0.2%. The volume change is the same with the bubble eliminator turned on and off. The pressure with the bubble eliminator turned on increased up to 3 MPa according to the volume change, but the pressure with the bubble eliminator turned off increased up to less than 1 MPa owing to the entrained air. A significant amount of the fluid volume change was consumed to compress the entrained air. The secant bulk modulus with the bubble eliminator turned on and turned off was calculated to be 1.37 and 0.26 GPa, respectively. The entrained air greatly influenced the effective secant bulk modulus in the low-pressure range.
Volume versus Pressure Change
To compare the bulk modulus changes with and without air bubbles in detail when the pressure applied to the oil changed from low to high, we pressurized the sampled oil up to 45 MPa and measured the pressure and volume changes of the oil. Moreover, we measured them during not only the pressurized process but also the depressurized process, and we confirmed the differences of the bulk modulus changes in the pressurized and depressurized processes. In the experiments, the servo cylinder was kept at a constant speed of 10 mm/s for the two processes. The changes in the volume and pressure of the sampled hydraulic fluid as functions of time for both conditions (with or without air bubbles) are presented in Fig. 5 . The relative volume change was as small as 2.5%. The pressure rapidly increased from atmospheric pressure to 45 MPa (Fig. 5 (a) ) and decreased from 45 MPa to atmospheric pressure (Fig. 5 (b) ). In comparison, the pressure response with the bubble eliminator turned off was slightly delayed. A slight positioning error of the servo cylinder for the hydraulic fluid was detected by the presence of air bubbles under high pressure. The pressure-volume curves are plotted in Fig. 6 . The slope of the tangent to the curve represents the tangent effective bulk modulus. In the low-pressure range, the slope of the curve obtained with the bubble eliminator turned on is larger than that obtained with the bubble eliminator turned off. Clearly, the curves with the bubble eliminator turned on and off are not congruent. The curve for the former case is almost a reversible process and has no hysteresis, whereas, the curve for the latter case has a small hysteresis depending on whether it is pressurized and depressurized because the rates of air absorption and release are different. The process of dissolving air into the oil during the pressurization phase needs more time than that required to release air from the oil during the depressurized process. 
Mathematical Model of Effective Bulk Modulus of Oil Containing Air Bubbles
To estimate the effective bulk modulus of oil, we investigated the mathematical model of the effective bulk modulus of the oil containing air bubbles.
Numerous researchers have studied and proposed models for the effective bulk modulus that depend on entrained air. Kim and Murrenhoff (2012) reported the effective bulk modulus of hydraulic oil in low-pressure conditions. Yang, Feng, and Gong (2011) measured the effective bulk modulus of fluid, which was expressed as a function of the working pressure when the air content was known. Gholizadeh, Burton, and Schnoenau (2011) presented a summary of the literature that was based on the bulk modulus of fluids. However, their mathematical model did not consider the difference between the pressurized and depressurized processes. Although Zhou, Vacca, and Manhartsgruber (2013) proposed a mathematical model representing the differences of not only the amount of air bubbles but also the process of the pressure change, their model uses some coefficients that were determined empirically and might depend on the experimental environment. In our study, we investigated a versatile mathematical model by considering the air content and the difference between the pressurized and depressurized processes.
The effective bulk modulus of hydraulic fluids is a function of the specific fluid, entrained air content of the fluid, and operating pressure and temperature of the fluid. The entrained air content of the fluid in particular, strongly influences the bulk modulus of the fluid. A simple model can be developed by considering the compressibility of oil and entrained air within a series of oil springs, as shown in Fig. 7 . Therefore, the effective tangent bulk modulus K e is derived from Eq. (2) as
where V H is the oil volume, V B is the air volume, and x p is the volume fraction of air in oil at p. Arranging Eq. (3) using the bulk moduli of oil and air, K e and x p at p can be expressed as follows: Fig. 7 . Model of the compressibility of entrained air and oil is a series of oil springs.
Comparison of the Experimental Results and Mathematical Model
We calculated the effective bulk modulus of oil from the experimental results and mathematical model and compared the results. The experimental bulk modulus was calculated from the data in Fig. 6 . In this study, the volume fraction of air of the experimental results with the bubble eliminator turned on was assumed as 0%. Then, m and K H0 were estimated at 6.6 and 1510 MPa, respectively, from the linear relationship between the pressure and the experimental secant bulk modulus with the bubble eliminator turned on at the high-pressure range from 20 to 40 MPa. The volume fraction of air at the initial pressure with the bubble eliminator turned off was calculated using Eq. (10) and estimated as 0.15%. Focusing on the pressure change in the depressurized process, we determined p c as 2.4 MPa, because the pressure change with the bubble eliminator turned off was similar to that with the bubble eliminator turned on-a pressure of over 2.4 MPa. It was difficult to accurately determine T d . Therefore, here, we calculated the effective bulk modulus involving various values of T d .
The plots and curves of the effective bulk modulus calculated by the experimental results and mathematical model are shown in Fig. 9 . The theoretical effective bulk modulus was calculated using the proposed mathematical model in Eqs. (4)-(10) with the volume fraction of entrained air of 0.0% and 0.15% and T d as 10, 30, and 50 s. The experimental bulk modulus with the entrained air has different values in the pressurized and depressurized processes within the lowpressure range. The calculated value of the effective bulk modulus for the depressurized process was slightly larger than that for the pressurized process under low-pressure conditions. The theoretical effective bulk modulus in the pressurized process agreed well with the experimental results, and it represented the difference between the two processes.
According to these results, we clarified that a small amount of air significantly influenced the tangent bulk modulus under low-pressure conditions, and the differences between the pressure and time required for the air to dissolve and release influenced the change in the effective bulk modulus. Then, we concluded that the change in the bulk modulus of oil subjected to bubble elimination influenced the system performance with respect to positioning, power loss, response time, and stability in hydraulic systems.
Conclusion
In this study, the effective bulk modulus of hydraulic oil with entrained air was experimentally measured and investigated. The change of volume-pressure characteristics had a small hysteresis according to the pressurizing and depressurizing processes. The mathematical model of the estimated effective bulk modulus was also proposed and calculated as a function of operating pressure. Consequently, we verified that a small amount of entrained air significantly influences the effective bulk modulus under low-pressure conditions, and the differences between the processes of air dissolving and releasing significantly impacted the change in the bulk modulus of hydraulic fluid.
